Introduction {#s1}
============

Detecting population structure in taxa characterized by continuous distribution in environments without well-defined geographical barriers is one of the most challenging problems in population genetics. This applies to the conceptual definition of populations, but also represents a challenge for conservation and wildlife management. Following the evolutionary paradigm proposed by [@pone.0058315-Waples1] we consider a population as "a group of individuals of the same species living in close enough proximity that any member of the group can potentially mate with any other member". However, fine-scale genetic structure may be a confounding factor if the population shows distinct levels of genetic stratification as heterogeneity are among adjacent breeding groups or spatial segregated kin selection [@pone.0058315-Coltman1].

Many aspects of life history, as well as several environmental factors, can influence the structure of populations and, therefore, the individual's dispersal potential alone does not always allow predictions about the gene flow among populations. This is especially true for cetaceans, for which movements are not limited by physical barriers. Although most cetacean species show wide distributions and high potential for dispersal, their populations usually exhibit some kind of structure [@pone.0058315-Andersen1], [@pone.0058315-Brub1], [@pone.0058315-EscorzaTrevio1], [@pone.0058315-Mendez1], [@pone.0058315-Patenaude1], that may depend on the local distribution of resources and/or their social system [@pone.0058315-Hoelzel1].

Female philopatry and migration patterns are known to have a strong influence on population structure in large mammals [@pone.0058315-Hoelzel1], [@pone.0058315-Tiedemann1], as observed in humpback whales, *Megaptera novaeangliae* [@pone.0058315-Rosenbaum1], northern and southern right whales *Eubalaena glacialis* and *E. australis* respectively [@pone.0058315-Schaeff1], [@pone.0058315-Carroll1], [@pone.0058315-Valenzuela1], grey whales, *Eschrichtius robustus* [@pone.0058315-Goerlitz1], [@pone.0058315-Frasier1], and sperm whales, *Physeter macrocephalus*, [@pone.0058315-Lyrholm1], [@pone.0058315-Lyrholm2]. Recently, maternal site fidelity was also suggested for the Antarctic blue whales (*Balaenoptera musculus intermedia*), that showed divergence in mitochondrial DNA and microsatellite markers among the six feeding grounds in the Antarctic [@pone.0058315-Sremba1]. In general, baleen whale females disperse less than males [@pone.0058315-Hoelzel1], but few studies addressed the fine-scale population structure, probably because of the time and effort required to obtain long-term serial records of individually recognized whales.

The blue whale (*Balaenoptera musculus*) is a cosmopolitan species, with both coastal and oceanic distribution. Like most baleen whales, this species migrates between feeding grounds, located in areas at high latitudes, and calving grounds at mid and low latitudes [@pone.0058315-Lockyer1]. This species was one of the main targets of commercial whaling and, due to its reduced population size and slow recovery rate, it is still considered endangered [@pone.0058315-Reilly1]. The largest known remnant population, between 2000 and 3000 blue whales [@pone.0058315-Calambokidis1], inhabits the eastern North Pacific. This population appears to be separated from populations in the central and western North Pacific, as suggested from differences in call types [@pone.0058315-Stafford1], [@pone.0058315-Stafford2]. The link between the blue whales sighted off California, their main feeding area in summer, and those in the Gulf of California (GC) in winter has long been demonstrated by photo-recapture evidences [@pone.0058315-Calambokidis2] and also well-illustrated through the movements of individuals tracked with satellite tags [@pone.0058315-Bailey1]. Around 300 blue whales are estimated to winter annually in the GC, and then migrate northwest along the Pacific coast of Baja California, following the seasonal shift of marine productivity around the peninsula [@pone.0058315-Gendron1]. Long-term surveys and photo-identification records in the southwestern GC showed seasonal residence periods that ranged widely from few days to over 70 days [@pone.0058315-Gendron1]. This study has also pointed out that the GC is an important calving and feeding ground for this population, thus making it a promising site where to study the fine-scale population structure of this species.

A molecular analysis of Southern Hemisphere blue whale feeding aggregations showed that three geographic areas (Southeast Pacific, Indian Ocean and Antarctica) were occupied by distinct populations, and in each of them no structure was found probably due to small sample sizes [@pone.0058315-LeDuc1]. More recently, a low but significant divergent structure was found among the six feeding grounds in the Antarctic Ocean [@pone.0058315-Sremba1]. However, a larger sample size was used to analyze the Perth Canyon and Bonney Upwelling, two Australian feeding grounds, but no population structure was found [@pone.0058315-Attard1].

In this paper we investigated the population structure of blue whales in the GC, the only studied calving ground for this species using an extensive data base of individual sighting histories obtained during the last 22 years [@pone.0058315-Gendron2]. Being interested only in the fine-scale structure of a small, localized, but continuously distributed aggregation, we selected microsatellites as the optimal marker to carry out our study [@pone.0058315-Wang1], [@pone.0058315-Nussey1]. We expected to find some structuring, at least among females, due to the high female site fidelity and philopatry found in calving grounds of other baleen whales [@pone.0058315-Hoelzel1], [@pone.0058315-Tiedemann1], [@pone.0058315-Frasier1], [@pone.0058315-Sremba1], and to the observed bias toward females in the sex ratio of blue whales sampled in the GC (females/males = 1.5/1) [@pone.0058315-Gendron1].

Methods {#s2}
=======

Study Area {#s2a}
----------

The GC is a narrow internal sea that separates Baja California Peninsula from the Mexican mainland, located between 23° to 31°N and between 107° to 115°W in the Northeast Pacific Ocean ([Figure 1](#pone-0058315-g001){ref-type="fig"}). It is 1,120 km long and 150 km wide on average, with an area of about 200,000 square kilometers [@pone.0058315-Roden1], considered highly productive from December to June [@pone.0058315-SantamaradelAngel1].

![Map of the study area.](pone.0058315.g001){#pone-0058315-g001}

Sample Collection {#s2b}
-----------------

We conducted 2--6 day-long surveys between January and May 1988--2009, covering the area between the cities of La Paz and Loreto ([Figure 1](#pone-0058315-g001){ref-type="fig"}). Moreover, longer surveys were conducted covering the whole GC in 2005 and the Upper GC in 2006. Once a whale was sighted, the GPS positions were recorded and photographs for individual identification were taken [@pone.0058315-Sears1]. We used the CICIMAR photo-ID catalogue categorized by the dorsal fin shapes and the body pigmentation patterns to identify the animals [@pone.0058315-Gendron2].

From 1997 to 2009 skin-blubber biopsies were collected with a similar system as described in Lambersten [@pone.0058315-Lambertsen1], using a dart of 7 mm of diameter and 40 mm long stainless steel core sampler with three internal, inward-facing barbs. The dart is screwed in the tip of an arrow designed with a stopper that limits the depth of penetration and makes the arrow rebound out with the sample in it. The arrow was fired from a 68 kg crossbow at a distance of about 10 m from the whale and retrieved once it floated. Skin-blubber biopsies were extracted from the dart using sterilized stainless tweezers. In order to prevent contamination between samples and infection to the animals, the core sampler was sterilized before each biopsy attempt by immersion in a 50% chlorine solution, then transferred to a 70% ethanol solution, exposed for 10 s to a blowtorch flame and finally wrapped in aluminium foil.

We avoided duplicating biopsy samples within and between seasons by comparing newly photographed whale (digital camera viewing) with those included in a field catalogue of biopsied whales. The biopsies collected from 1997 to 2001 were preserved in 20% dimethylsulfoxide (DMSO) saturated with table salt [@pone.0058315-Amos1], thereafter samples were immediately frozen in liquid nitrogen. It is important to clarify that biopsy-sampling procedure started in 1997, but several of the biopsied individuals in our data base have long sighting histories; thus all the sightings from each biopsied individual were used in this study.

Ethics Statement {#s2c}
----------------

Photo-identification and biopsy samples were collected under the annual research permits () issued by the Secretaria de Medio Ambiente Recursos Naturales y Pesca (180796-213-03, 071197-213-03, DOO 750-00444/99, DOO.0-0095, DOO 02.-8318) from 1997 to 2001, and by the Dirección General de Vida Silvestre, Secretaría de Medio Ambiente y Recursos Naturales (SGPA/DGVS-7000, 00624, 01641, 00560, 12057, 08021, 00506, 09760) from 2002 to 2009, which now represents the only approved Government institution to issue research permits on endangered species in Mexico. By issuing these annual research permits they approved the number of blue whale skin-blubber biopsies collection for each year of the permit. Our institution does not have an Animal Ethics Committee; therefore no information is given on that aspect.

Sample Processing and Analysis {#s2d}
------------------------------

Total DNA was extracted from skin using the standardized protocol [@pone.0058315-Aljanabi1]. We carried out genotyping at 19 microsatellite loci on a subset of 92 samples to evaluate polymorphisms. We found low variability (two to four alleles) for nine microsatellites: AC45, CAAA74, AC82, GT122, GT129, GT227, CA141, GATA53 [@pone.0058315-Brub2], DlrFC17 [@pone.0058315-Buchanan1]. The 10 most polymorphic and informative loci were chosen for further analyses ([Table 1](#pone-0058315-t001){ref-type="table"}) [@pone.0058315-Palsbll1], [@pone.0058315-Brub3], [@pone.0058315-Valsecchi1]. We performed PCR reactions with 30 ng of DNA template and the following reagent concentrations: 22 mM Tris-HCl pH 8.4, 55 mM KCl, 1.2 U DNA *Taq* Polymerase (Invitrogen™), 0.5 µM of each primer (forward primers were labeled with a fluorescent dye, 6-FAM®, VIC® or NED®, of Applied Biosystems), 0.2 mM dNTPs and MgCl~2~ concentration as specified in [Table 1](#pone-0058315-t001){ref-type="table"}. The following PCR cycling profile was used: initial denaturation step at 94°C for 2 min, followed by 7 cycles consisting of denaturation at 96°C for 20 sec, annealing at AT°C~1~ (see [Table 1](#pone-0058315-t001){ref-type="table"}) for 30 sec and extension at 72°C for 30 sec, followed by 25 cycles of denaturation at 95°C for 30 sec, annealing at AT°C~2~ (see [Table 1](#pone-0058315-t001){ref-type="table"}) for 30 sec and extension at 72°C for 30 sec, and a final extension step at 72°C for 15 min. We resolved PCR products on an ABI Prism 310 genetic analyzer using the GeneScan™ 600 LIZ® size standard (Applied Biosystems) and included non-template PCR controls to check for cross-contamination and replicates (nine percent of the samples) to evaluate the reproducibility and genotyping errors. We processed the raw ABI files with GeneMarker® 1.9 software (SoftGenetics) to obtain the genotypes, validated the allele binning with FlexiBin software [@pone.0058315-Amos2], and checked the genotypes for null alleles and genotyping errors with Micro-checker v.4.0.7 [@pone.0058315-VanOosterhout1]. The gender of each individual was identified by PCR amplification of ZFX and ZFY genes [@pone.0058315-Brub4].

10.1371/journal.pone.0058315.t001

###### Statistics of the nine microsatellite loci.

![](pone.0058315.t001){#pone-0058315-t001-1}

  Locus                                      MgCl~2~ (mM)   AT~1~/AT~2~(°C)   Na      Size       H~O~       H~E~
  ----------------------------------------- -------------- ----------------- ----- ---------- ---------- ----------
  GATA98[a](#nt102){ref-type="table-fn"}         4.7            51°/52°        9    74--120    **0.69**   **0.73**
  GT541[b](#nt103){ref-type="table-fn"}          3.1            56°/55°        9     79--99      0.7        0.76
  AC137[b](#nt103){ref-type="table-fn"}          3.1            55°/54°        9    91--119    **0.64**   **0.66**
  GT023[c](#nt104){ref-type="table-fn"}          3.1            60°/58°        6    114--124     0.77       0.76
  CA232[b](#nt103){ref-type="table-fn"}          3.1            56°/55°        8    142--168     0.65       0.65
  AC087[b](#nt103){ref-type="table-fn"}          3.1            56°/55°       12    165--180     0.83       0.83
  EV037[d](#nt105){ref-type="table-fn"}          3.9            51°/52°        8    172--194     0.58       0.58
  GATA417[a](#nt102){ref-type="table-fn"}        3.1            56°/55°       13    174--226     0.83       0.83
  CA234[b](#nt103){ref-type="table-fn"}          3.1            55°/54°       13    191--215     0.91       0.88
  Mean                                                                        9.6                0.74       0.74
  SD                                                                          2.4                0.03       0.09

At = Annealing temperature (subscript ~1~ and ~2~ correspond to the first and second PCR cycle). Na = Number of alleles per locus, Size = observed range in fragment size in base pairs (bp), Observed (H~O~) and Expected (H~E~) heterozygosity per locus. H~O~ deficiency loci are highlight in bold (p\<0.05).

36 Palsbøll et al., 1999,

34 Bérubé et al. 2005,

37 Bérubé et al. 200,

38 Valsecchi and Amos 1996.

Data Analysis {#s2e}
-------------

### Heterozygosity, hardy-weinberg equilibrium and linkage disequilibrium {#s2e1}

We calculated the number of alleles per locus, the observed (H~O~) and the expected (H~E~) heterozygosity and with Arlequin 3.1 [@pone.0058315-Excoffier1]. We tested linkage disequilibrium (LD) between loci, deviations from Hardy-Weinberg equilibrium (HWE) for each locus, and global deviation from HWE for all loci, using the MCMC method (10000 iterations) [@pone.0058315-Guo1] implemented in Genepop 4.0 [@pone.0058315-Raymond1]. We corrected the significance levels of HWE and LD test for multiple comparisons with sequential Bonferroni adjustments [@pone.0058315-Rice1]. We calculated F~IS~ coefficient in Fstat 2.9.3.2 [@pone.0058315-Goudet1].

### Temporal variation in population structure {#s2e2}

Based on photo-recapture records, we defined groups (more than 10 individuals) according to field season when individuals were sighted (hereafter "years"), and to the month and year of sightings (hereafter "month-year*"*). As a result of this criterion, the 1997--2009 period for the "years" category, and the 1999--2009 period for the "month-year" category were analyzed ([Table 2](#pone-0058315-t002){ref-type="table"}). Additionally, individuals were assigned to one of three categories based on the number of years (consecutive or not) in which we observed them ("sighting frequency groups"): i) occasional (observed only in one year), ii) frequent (two-four years), and iii) highly frequent (five years or more).

10.1371/journal.pone.0058315.t002

###### Blue whale grouping criteria for population structure testing at the temporal scale.

![](pone.0058315.t002){#pone-0058315-t002-2}

  Grouping Criteria     Groups          Size                          Sex ratio                                  HWE                                        R~ST,~ F~ST~
  -------------------- -------- -------------------- -------------------------------------------- --------------------------------- ------------------------------------------------------------
  Years                   13           16--61                                                        **2009 group: p = 0.0014**       R~ST~ = 0--0.01, p\>0.05[a](#nt107){ref-type="table-fn"}
                                 mode = 39, SD = 12          X^2^ = 4.5, p = 0.9, df = 12          Remaining Groups:p = 0.3--0.008    F~ST~ = 0--0.03, p\>0.05[a](#nt107){ref-type="table-fn"}
                                                                                                    adjusted B p = 0.004,13 test    
  Month-year              23           10--36         **February:X^2^ = 43.1, p = 0.03, df = 9**      **March 2009:p = 0.0018**                 R~ST~ = 0.0001--0.03, p = 0.01--0.9
                                 mode = 11, SD = 8       March: X^2^ = 15, p = 0.07, df = 10       Remaining Groups:p = 0.3--0.008              F~ST~ = 0.0001--0.001, p = 0.03--0.9
                                                          April: X^2^ = 0.6, p = 0.6, df = 1        adjusted B p = 0.0022,23 test                      adjusted B-Yp = 0.008
  Sighting frequency      3            39--69                X^2^ = 0.68, p = 0.8, df = 2                  p = 0.02--0.2,            R~ST~ = 0--0.001, p\>0.05[a](#nt107){ref-type="table-fn"}
                                 mode = 39, SD = 17                                                      adjusted B p = 0.01         F~ST~ = 0--0.0004, p\>0.05[a](#nt107){ref-type="table-fn"}

Grouping criteria: see Methods. Groups = number of groups of the temporal structure analyses. Size = range, mode and standard deviations of groups. Sex ratio = sex ratio of the group compared to overall sex ratio (1.41∶1) in the population. HWE = Hardy-Weinberg equilibrium. R~ST~ and F~ST~ = range values of pairwise R~ST~ and F~ST~ comparisons among groups. Adjusted B and B-Y p-values refer to the adjusted p-values after sequential Bonferroni and Benjaminy-Yekutiely correction respectively.

denotes all p-values were \>0.05. Significant results are in bold.

All above grouping criteria (years, month-years and sighting frequency) were tested for departure from our population sex ratio (see results) with chi-square test. We tested deviation from HWE and calculated the fixation indices- R~ST~ [@pone.0058315-Slatkin1] and F~ST~ [@pone.0058315-Wright1] of genetic differentiation between groups with Arlequin 3.1. Adjustments for multiple comparisons were made for dependent (Benjamini-Yekutieli, [@pone.0058315-Benjamini1]) and independent samples (sequential Bonferroni's, [@pone.0058315-Rice1]) for HWE, F~ST~ and R~ST~. We used the correction for dependent samples [@pone.0058315-Benjamini1] for year and month-year groups, since the same individual could be included in more than one group, and sequential Bonferroni's [@pone.0058315-Rice1] adjustment for sighting frequency groups as they are independent groups.

### Isolation by distance (IBD) {#s2e3}

To verify the presence of isolation by distance we carried out an individual-based Mantel test, both on the complete dataset (females and males pooled) and on females only, using the kinship coefficients R~QG~ [@pone.0058315-Queller1] and R~RL~ [@pone.0058315-Lynch1] as measures of genetic distance. A geographic distance matrix was made based on geometric means of the GPS fixes, for individuals recorded in more than one position (68%), which can be considered a rough estimate of the center of individual activity [@pone.0058315-Bekoff1]. The P-value for the correlation coefficient was calculated with a permutation test (10000 replicates) as implemented in Genalex 6 [@pone.0058315-Peakall1].

### Bayesian clustering {#s2e4}

We carried out two Bayesian clustering analysis, both on the complete dataset (females and males pooled) and on females only. In the first, we used the admixture model with correlated allele frequency implemented in Structure 2.3 [@pone.0058315-Pritchard1]. The number of clusters (K) ranged from 1 to 8, and for each K we run 10 independent MCMC runs with 10^6^ iterations, following a burn-in period of 60000 iterations. The mean values of the 10 runs for each K were reported, and we chose the K value with the highest probability (Ln P(D)) as the best estimated number of clusters. In the second analysis, we used the mixture model with correlated allele frequency and free Voronoi tessellation [@pone.0058315-Guillot1] implemented in the R package Geneland [@pone.0058315-Guillot2]. This program uses geo-referenced multi-locus genotyped individuals to probabilistically assign them to a cluster. We carried out 25 independent runs using 10^6^ iterations and K~max~ = 10. Each set of 25 runs were ranked using the posterior probability of each, and we post-processed the best 10 runs. We obtained the K value from the mode value of these 10 runs, and reported the best posterior probabilities of this mode. For post-processing a burn-in period of 60000 iterations and a 800×200 pixel resolution for x and y axis were used respectively. The geo-referencing of each individual used in this analysis was the same as in the individual-IBD analysis (see above). The range of some blue whale movements can extend as much as the whole study area [@pone.0058315-Gendron1] and this complicates the estimation of the position uncertainty. To calculate the uncertainty in the positioning of individuals that was inputted in Geneland, we did a four-step analysis: 1) using the first daily positions of the individuals resighted between 1988- 2009; 2) estimating the 95% area of activity with the Kernel Density Estimator (KDE) [@pone.0058315-Worton1] implemented in the Home Range Tool extension [@pone.0058315-Rodgers1] of ArcGIS 9.3 (ESRI); 3) calculating the kernel bandwidth with the Least Square Cross Validation method; 4) using the square root of the mean individual KDE area as measure of uncertainty. We used the maximum number of locations per individuals that showed no positive correlation with the estimated size area. As a result, twenty individuals (n = 17 females, n = 3 males) were used to estimate the KDE individual utilization area. The number of locations of these individuals ranged between 11 and 44 per individual, and no linear correlation was found with the estimated KDE (Pearson = 0.05, p = 0.9). The mean KDE~95%~ was 3197.6 km^2^, thus the uncertainty value used was 57 Km.

In order to verify if clusters obtained were artifacts of the models we analyzed HWE and divergence between them, using clusters with at least five individuals [@pone.0058315-Guillot1]. We calculated R~ST,~ F~ST~ and F~IS~ between and within clusters respectively. For both models we performed 10 preliminary runs in order to know the maximum K value and the length of the chain that should be used so as not to affect the results.

Results {#s3}
=======

Genetic Variation {#s3a}
-----------------

PCR conditions and statistics on the allelic variation of each locus are presented in [Table 1](#pone-0058315-t001){ref-type="table"}. The locus GATA28 showed evidence for the presence of null alleles and we decided to exclude this locus from the analyses. Two loci departed from HWE, GATA98 and AC137 ([Table 1](#pone-0058315-t001){ref-type="table"}), though there was no global deviation from HWE when all loci were considered (x^2^ = 28.8, p = 0.053). No pair of loci was in linkage disequilibrium (observed p = 0.0024--0.9, sequential Boferroni p = 0.0014, 36 test). The inbreeding coefficient was close to zero (F~IS~ = 0.007, p = 0.3), and the mean observed (H~O~) and expected (H~E~) heterozygosity were equal (H~O~ = 0.74, H~E~ = 0.74) ([Table 1](#pone-0058315-t001){ref-type="table"}).

A total of 187 blue whale samples were analyzed for 9 microsatellite loci. We obtained a 100% match in genotyping of 5 duplicated samples that were classified as different individuals by photo-ID. These 10 samples were excluded and we carried out all further analyses on 177 whales (Females = 99, Males = 70, Not sexed = 8). In accordance to a previous study [@pone.0058315-Gendron1], our blue whale sex ratio (females/males = 1.41/1) was skewed towards females.

Temporal Variation of the Population Structure {#s3b}
----------------------------------------------

### Years {#s3b1}

The number of individuals observed ranged from 16, in 1998, to 61 in 2009 ([Table 2](#pone-0058315-t002){ref-type="table"}). We found no deviation from the 1.41/1 (female/male) population sex ratio among years ([Table 2](#pone-0058315-t002){ref-type="table"}). We found a significant deviation from HWE only in 2009 (observed p = 0.0007, Benjamini-Yekutieli p = 0.004, 13 test). No significant divergence was found among years (Range: R~ST~ = 0--0.01, p\>0.05, F~ST~ = 0--0.03, p\>0.05).

### Months-year {#s3b2}

This analysis involved 23 groups observed in February (n = 10 groups), March (n = 11) and April (n = 2). We found a significant deviation from the 1.41/1 population sex ratio towards females in February (female/male = 3/1; [Table 2](#pone-0058315-t002){ref-type="table"}). A significant departure from HWE was found only in March-2009 group. Out of a total of 253 month-group pairwise comparisons, we found small but significant R~ST~ and F~ST~ in nine comparisons~,~ but not after we applied the Benjamini-Yekutieli correction ([Table 2](#pone-0058315-t002){ref-type="table"}).

### Sighting frequency {#s3b3}

Sixty-nine individuals were sighted as occasional, 69 as frequent and 39 as highly frequent. We found no deviation from the 1.41/1 population sex ratio among groups, neither deviation from HWE after sequential Bonferroni correction, nor significant divergence among groups ([Table 2](#pone-0058315-t002){ref-type="table"}). Since no evidence of genetic structure in a temporal basis was found, all samples were grouped for the spatial genetic analysis.

Spatial Structure {#s3c}
-----------------

### Isolation by distance {#s3c1}

No evidence of IBD was found in individual-based Mantel tests performed on the complete data set (Rxy~QG~ = 0.01 p = 0.3, Rxy~RL~ = 0.01 p = 0.17), nor in females only data set (Rxy~QG~ = 0.05 p = 0.24, Rxy~RL~ = 0.05 p = 0.5).

### Bayesian clustering analysis {#s3c2}

Using the admixture model with correlated allele frequencies implemented in Structure software, we found only one cluster (K = 1) in both analyses (complete and females only data set, [Figure 2](#pone-0058315-g002){ref-type="fig"}). All individuals were admixed and assignment values were close to 0.5. This indicates the program is assigning individuals randomly to K populations, owing to the lack of underlying population structure [@pone.0058315-Latch1]. Using the mixture model with correlated allele frequency and free Voronoi tessellation, implemented in Geneland, only one cluster for the complete dataset was found. In contrast, when the same model was run only for females, most individuals (96%) were assigned to two clusters with low but significant divergence ([Table 3](#pone-0058315-t003){ref-type="table"}). Although one of the clusters is mainly represented in the central portion (green cluster, herein Loreto cluster) and the other in the south (yellow cluster, herein San Jose- La Paz cluster), no clear homogenous distribution of these clusters was found. Individuals from the yellow cluster (named San José-La Paz cluster) were also found in the northern GC, which suggests that individuals from both clusters do not show a complete segregation among these areas ([Figure 3](#pone-0058315-g003){ref-type="fig"}).

![Results of the Structure model\
**fitting.** K = number of population. Ln P(D) = logarithm of the data probability obtained for complete (a) and female (b) data set. Highest posterior probability in both cases is for k = 1.](pone.0058315.g002){#pone-0058315-g002}

![Map of the mode posterior probabilities obtained with the Geneland model.\
Estimated clusters of blue whales in the Gulf of California are shown in different colours. Green cluster represent Loreto cluster and yellow cluster represent San Jose- La Paz cluster. Dots represent the geographic centroid of individual female blue whale sightings.](pone.0058315.g003){#pone-0058315-g003}

10.1371/journal.pone.0058315.t003

###### Results of the fitting of the Bayesian clustering model with Geneland program.

![](pone.0058315.t003){#pone-0058315-t003-3}

  Data set     K       Individuals per K         Divergence (R~ST,~ F~ST~)            Inbreeding (F~IS~)
  ---------- ------ ----------------------- ----------------------------------- -------------------------------
  Complete    3(1)    1 = 171,2 = 3,3 = 3                                       
  Females     3(2)   1 = 66, 2 = 29, 3 = 4   **1--2: R~ST~ = 0.01, p = 0.01**     **1:F~IS~ = 0.01, p = 0.3**
                                             **1--2: F~ST~ = 0.008, p = 0.02**   **2: F~IS~ = 0.03, p = 0.07**

K = number of inferred clusters; in brackets are the number of K with significant R~ST~ and F~IS~ close to zero. Individual per K = number of individuals assigned to each K. R~ST~ and F~ST~ = pairwise divergence among K, F~IS~ = inbreeding coefficient per K. Significant divergence and inbreeding close to zero are in bold, p = p-value at 95% confidence.

Discussion {#s4}
==========

In this study we investigated the fine-scale population structure of blue whales that winter in the GC. Our work provides information that suggests these blue whales are part of a single population unit. This is supported by all analyses; temporal grouping criteria, isolation by distance and Bayesian clustering approach, conducted on complete data sets. However, structure among females was found using the Geneland model.

The mean observed heterozygosity of blue whales in the GC (H~O~ = 0.74) was similar to values reported for this species in the South Pacific (Ho = 0.72) and the Antarctic (Ho = 0.75) Oceans [@pone.0058315-LeDuc1], and higher than those found in Australian aggregations (H~O~ = 0.66 in Perth Canyon, Western Australia; Ho = 0.59 in Bonney Upwelling, Southern Australia) [@pone.0058315-Attard1]. Despite the smaller estimated blue whale population size in the GC (n = 283, %CV = 48.4) [@pone.0058315-Gendron1], the observed diversity and the inbreeding coefficient (F~IS~ close to zero) suggest a panmictic population.

The lack of a clear population structure for the whole data set found in this study agrees with the lack of structure found in blue whales of the southern hemisphere [@pone.0058315-Attard1]. It also agrees with the results on bioacoustic studies that suggest the presence of a single population in the Northeast Pacific, extending from Vancouver to the Dome of Costa Rica, and possibly beyond Ecuador [@pone.0058315-Stafford1], [@pone.0058315-Stafford2]. Our analysis based on individual sighting frequencies also supports one Northeast Pacific genetic stock, since occasional individuals (sighted only one year) that possibly use other wintering grounds are not genetically divergent from the frequent (two-four years) and very frequent (five years or more) individuals. Movements of blue whales from California to the Costa Rica Dome during winter have been reported [@pone.0058315-Bailey1], but whales were also found year-round in that upwelling-enriched area [@pone.0058315-Reilly2]. Thus, some gene flow between the northern and southern Pacific blue whales is plausible. In this context, if some of our occasional individuals also use the Costa Rica Dome wintering area, they may guarantee enough gene flow in the Northeast Pacific population so as to result in a single homogenous genetic stock. Additionally, certain amount of gene flow further south could not be discarded.

Although we found no genetic divergence among individuals of different years and months-year, we observed some signs of a temporal segregation of females. Overall, there is a bias in the sex ratio in the GC toward females, which becomes stronger in February in all years analyzed (month-year group, [Table 2](#pone-0058315-t002){ref-type="table"}). This higher proportion of females observed in February may depend on their reproductive status. Births likely occur between January and March [@pone.0058315-Gendron1], and late-pregnant females could be the earliest individuals to reach the GC to give birth, producing the bias toward females at the beginning of the season. Segregating migration has been shown in humpback whales, although in that species late-pregnant females is the last class of individuals to arrive to the wintering ground [@pone.0058315-Clapham1]. Blue whales are using the GC also as a feeding ground, where they feed principally on the abundant euphausiid, *Nyctiphanes simplex* [@pone.0058315-Gendron3]. Lactating females are often emaciated [@pone.0058315-Gendron1] and likely have higher nutritional requirements. Therefore, pregnant females may match the birth period with the period of highest density of their main prey, which occurs in February-March [@pone.0058315-Brinton1].

Although we found no genetic sub-structuring of the population when analyzing the whole data set, we obtained two clusters when analyzing only females with Geneland. Differences in the results between the two Bayesian approaches cannot be explained straightforward, but it has been reported that admixture models fail to find clusters in shallow divergent populations [@pone.0058315-Francois1], and especially the Structure model tends to gather individuals into the largest cluster, suggesting an unreal lack of structure [@pone.0058315-Kalinowski1]. By using a Bayesian model that takes into account spatial information, the analysis has proven to be more powerful [@pone.0058315-Guillot2]. Even though this approach looks promising, our result should be interpreted with caution. When applied to wild populations, Bayesian spatial clustering models may infer a wrong number of clusters [@pone.0058315-Latch1], [@pone.0058315-Francois1], [@pone.0058315-Frantz1], [@pone.0058315-Safner1]. To reduce this risk we ruled out isolation by distance that may greatly affect Bayesian clustering inference [@pone.0058315-Frantz1]. We compared the genetic divergence and the inbreeding between and within the clusters respectively, to test if they were real or artifact, and found a small but significant divergence. Furthermore, we used an uncertainty value produced by the analysis of individual utilization area of blue whales in the GC.

As mentioned above, it has been reported that Structure models fail to find structure when F~ST~ values are low (F~ST~\<0.02) [@pone.0058315-Latch1], [@pone.0058315-Francois1]. According to this, Structure model fails to find a structure among the six Antarctic blue whale feeding grounds defined upon whaling records (F~ST~ = 0.005 p = 0.031) [@pone.0058315-Sremba1]. Thus, it is not surprising not to find any structure with Structure analysis under the low divergence among clusters found in this study (R~ST~ = 0.01, p = 0.01, F~ST~ = 0.008, p = 0.02). The spatial distribution of the genetic clusters was not completely homogeneous, as expected in very mobile animals, suggesting that the genetic segregation is only partially matched by ecological segregation. Moreover, the low values of R~ST~ and F~ST~ indicate that gene flow is maintained between clusters, allelic frequencies are correlated among them, and the recognition of clusters may be difficult [@pone.0058315-Guillot1], [@pone.0058315-Falush1], [@pone.0058315-Rosenberg1].

The uncertainty in spatial position is an important parameter of the Geneland model, and allows to take into consideration both the measurement error (e.g., coordinates recorded with low precision), and the process error (e.g., very large range of movements). Our uncertainty value was calculated mainly from females' individual utilization areas and, therefore, the higher power in detecting clusters with data on females may just be an effect of the better representation of their spatial structure.

Fine-scale population structure has been reported in various mammalian species. In most cases, female natal philopatry generates aggregated grouping patterns, and this produced some level of genetic differentiation [@pone.0058315-Coltman1], [@pone.0058315-Nussey1], [@pone.0058315-Okello1]. In a worldwide sperm whale population structure analysis [@pone.0058315-Lyrholm2] no microsatellite divergence was found at large spatial scale (oceans), but significant genetic heterogeneity was found between female social groups, suggesting the presence of greater relatedness within groups than between them, and a potential role of kin selection in sperm whale evolution. The blue whales social structure is poorly understood [@pone.0058315-Gendron1], but overall our results indicate 1) no temporal divergence but seasonal segregation among females, 2) no spatial divergence from the complete data set and the inbreeding coefficient close to zero and 3) no homogeneous distribution of Geneland clusters, which altogether may represent social aggregations. We suggest two complementary hypotheses to explain the blue whale female structure in the GC winter calving-feeding ground; one ecological, related to resource concentration, and a behavioural one, related to female social relationships.

From an ecological point of view, blue whale spatial distribution is linked to the distribution of euphausiids [@pone.0058315-Branch1], [@pone.0058315-Croll1], their dominant prey [@pone.0058315-Gaskin1]. Therfore, the whale distribution observed in the GC may be the result of feeding area choices as found in other areas [@pone.0058315-Branch1], [@pone.0058315-Croll1]. In the GC, up to 30% of the blue whales recorded during the aerial surveys were observed feeding close to the surface and/or defecating (used as indirect clue of feeding behaviour), revealing that feeding is an important activity for blue whales, including lactating females, in this calving ground [@pone.0058315-Gendron1]. Mother-calf pair feeding behaviour in a Chilean summer ground has also been reported [@pone.0058315-HuckeGaete1]. The southwestern GC is characterized by the presence of several coastal islands, where dense daytime surface swarms of the euphausiid *N. simplex* have been reported [@pone.0058315-Gendron3]. In particular, the north of the Carmen Island in front of Loreto and the area between the islands of San Jose and Espiritu Santo north of La Paz (24°50′- 24°36′) are characterized by the presence of a very high density of *N. simplex* during the winter [@pone.0058315-Gendron3], [@pone.0058315-DeSilvaDavila1]. Each of these two areas corresponds to the spatial distribution of one of the two female genetic clusters. We hypothesized that, if there is a local segregation due to the heterogeneous environment, this could lead to some segregation among blue whale females and hence to the observed genetic divergence.

From a behavioural point of view, blue whale female-calf pairs prefer coastal waters, more protected from the strong dominant North wind and swell [@pone.0058315-Gendron1]. This female preference has been reported also in southern right whales [@pone.0058315-Elwen1], [@pone.0058315-Elwen2], [@pone.0058315-Thomas1] and humpback whales [@pone.0058315-Clapham2], [@pone.0058315-Craig1]. In mammals, including baleen whales, there is evidence of strong female site fidelity [@pone.0058315-Valenzuela1], [@pone.0058315-Baker1] and resulting in genetic divergence such as in grey whale [@pone.0058315-Goerlitz1]; elephants [@pone.0058315-Okello1], ungulates [@pone.0058315-Coltman1] and sea lions [@pone.0058315-Campbell1]. In our study, the majority of mother-calf pairs (67%, n = 94) were sighted in San Jose-La Paz area (corresponding to the yellow cluster). Moreover, most (85% 17 out of 20) genotyped mother-calf pairs were observed in San Jose-La Paz area. Although mother-calf pairs are not restricted to this area, it appears to be more intensively used as a nursing area than Loreto area. In southern right whales (*Eubalaena australis*), mother-calf pair congregates in specific nursery grounds, and are segregated from males in winter grounds, possibly to reduce the occurrence of male harassment which can be fatal to the calves [@pone.0058315-Elwen1], [@pone.0058315-Elwen2], [@pone.0058315-Payne1]. Contrasting with the right whales, foraging is an important activity for blue whales in the GC, thus mother-calf segregation could reduce not only male harassment, but also resource competition with males. If females that congregate in San Jose-La Paz area have a higher level of kinship than Loreto area, this could explain the divergence found between the two areas. Future kinship analysis among whale groups in each cluster may provide further insight into social structure and how it influences the population structure of blue whales in the GC. While it is known that some whales that use the GC in winter, are feeding off California in summer [@pone.0058315-Calambokidis2], fine-scale segregation among females has not been reported in this feeding ground. However, if site fidelity is a widespread behavior in female blue whales, segregation is likely to be observed in other areas, mainly among pregnant or late-nursing females in which energy loss should be minimized.

Female fine-scale genetic structure has potentially important consequences for conservation and management. Opportunities for kin selection may have a positive effect on calf survival. Blue whale females with calves, that need to implement efficient foraging strategies due to heavy energetic demands, may take advantage of the high seasonal productivity and calm waters of the southwestern GC islands, and share these areas with relatives. Mature females and calves survival has a dramatic impact on population demography, and, therefore, management policies tailored to the areas where mother-calf pairs are frequently sighted could be greatly beneficial for population viability. Moreover, female fine-scale genetic structure may influence the rate at which genetic diversity is lost through genetic drift. Our results suggest that in blue whales, the loss of genetic variation may be minimized by male mediated gene flow. In this context, a socially structured population, with at least two main groups with high levels of heterozygosity, may lead to a reduction of inbreeding, and of the effects of genetic drift.
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